Abstract The characteristics of homogeneous discharges in mixed gases of hydrogen diluted silane and argon at atmospheric pressure are investigated numerically based on a one-dimensional fluid model. This model takes into account the primary processes−excitation and ionization, sixteen reactions of radicals with radicals in silane/hydrogen/argon discharges−and therefore, can adequately represent the discharge plasma. We analyze the effects of very high frequency (VHF) on the densities of species (e, H, SiH3, SiH + 3 and SiH2) in such discharges using the model. The simulation results show that the densities of SiH3, SiH + 3 , H, and SiH2 increase with VHF when the VHF ranges from 30 MHz to 150 MHz. It is found that the deposition rate of µc-Si:H film depends on the concentration of SiH3, SiH + 3 , SiH2, and H in the plasma. The effects of VHF on the deposition rate and the amount of crystallized fraction for µc-Si:H film growth is also discussed in this paper.
Introduction
Hydrogenated microcrystalline silicon (µc-Si:H) is a mixed phase material with a composition of crystalline grains embedded in an amorphous matrix. The µc-Si:H film based thin film solar cell is one of the most promising candidates of the novel solar cell because of its high stability. One method for growing µc-Si:H film is to use atmospheric pressure glow discharges (APGDs) for plasma enhanced chemical vapor deposition (PECVD). Recently, it has attracted much attention as an emerging area of considerable scientific depth and application potential. The APGDs offer the potential of considerable cost-saving by discarding expensive vacuum equipments. Although the use of very high frequency (VHF) excitation is well known in low pressure discharges [1, 2] , its benefits to APGDs remain unclear. It was previously reported that a VHF power supply can generate high-density plasma at atmospheric pressure plasma [3, 4] . VHF plasma in atmospheric ambient can rapidly and effectively crystallize a-Si films [5, 6] since a high plasma density enables an extremely high polycrystalline rate at relatively low temperatures [7] . A high-frequency 150 MHz power supply makes it possible to generate high-density atmospheric pressure and avoid ion bombardment of the film [8] . A VHF power can also improve the film quality [9, 10] . However, the primary processes of excitations and ionizations in Ar, H 2 and SiH 4 plasma driven by VHF power are still not well understood, and the growth mechanism of a µc-Si:H film with a range of VHF is rarely reported. In this paper, we focus on the density of precursors and other reactants for crystallization and deposition rate with VHF in H 2 diluted Ar and SiH 4 plasmas.
Model
The discharge between two parallel plates is studied in this paper. The VHF APGDs between two parallel electrode plates are simulated. These simulations are based on one-dimensional continuity equations for electrons, ions, metastable atoms, and molecules, in which the much simpler current conservation equation is used to replace the Poisson equation for calculating the electric field.
The corresponding governing equations are given as follows:
∂n e,i, * ∂t + ∂j e,i, * ∂x = S e,i, * , [11] j e,i = ∓n e,i µ e,i E − D e,i ∂n e,i ∂x ,
where n and j are the density and flow density of species, S represents sources and losses of particles due to the reactions, the subscripts e, i, and * donor electrons, ions, and metastable species, respectively. E is the electric field, j c is the conduction current density, and j 0 is the total current density. D is the diffusion coefficient, and µ is the mobility. Electron and ion diffusion and drift coefficients come from Refs. [14, 15] . 
where k is the Boltzmann constant, T e is the electron temperature, and p coll is the energy losses in various reactions. The quantity q e is the electron thermal flow given by
where
The calculation starts with spatially uniform densities for ions and electrons, where there is a homogeneous electric field. This set of equations is solved numerically with the semi-implicit Scharfetter-Gummel scheme [16] .
Results and discussion
In our simulations, the parameters are chosen as follows. A sinusoidal external voltage with amplitude V 0 = 950 V and frequency ranging from 30 MHz to 150 MHz is applied to one electrode, and the other electrode is electrically grounded. The discharge gap is fixed at d = 2.0 mm. The working gas is 4% hydrogen, 4% diluted silane and 92% argon mixture at 760 Torr.
For the deposition of a µc-Si:H film by VHF glow discharge, the neutral species are generally considered as the prime film-forming precursors. SiH 3 has the largest production rate with lowest loss rate in the gaseous phase, and thus it is expected to have the highest density in the plasma [17] . It is believed that generating SiH 3 is the main step for depositing a µc-Si:H film [18] . On the other hand, SiH 3 having a high surface mobility, films grown primarily from SiH 3 radicals therefore will resemble the preferred chemical vapor deposition [11] . The deposition rate of a µc-Si:H film will depend on the predicted SiH 3 concentration [19] . Fig. 1 [20, 21] . With the increase of the frequency, there is an increasing generation concen-tration of both SiH 3 and SiH 2 . The deposition rate increases as SiH 3 and SiH 2 are the main precursor particles for crystallization and deposition [19, 22] . The density and temperature of electrons under different frequencies are shown in Fig. 2 . It can be seen that the electrons in the sheath have greater energy than those in the bulk plasma. In the present model, Joule heating plays a principal role in the electronenergy exchange in the discharge and is dominant in both the sheath and the bulk plasma. Considering strong electric field in the sheath, the Joule heating effect is prominently observed in this sheath region. As the electron temperature is higher in the sheath, more collisions take place there and energy loss is especially serious in this region. The maximal electron temperature in the sheath is 5.1 eV, whereas in the plasma it is slightly more than 2.63 eV with a minimum of 2.47 eV. According to the simulation, at constant input power with increasing frequency, there is little change in the electron density and a slight reduction in the electron excitation temperature [10] . Fig.1 The time-averaged densities of plasma species at the centre between two electrode plates with 150 MHz Fig.2 The time-averaged electron density and temperature with frequency Fig. 3 shows the time averaged plasma ions densities between two electrode plates at frequency 150 MHz. It shows that the density of electrons, SiH This results in more and more feed particles (SiH 3 ) and atomic hydrogen; hence, this leads to an increase in the crystallization and deposition rate. The time-averaged neutral molecule densities between two electrode plates at 150 MHz are shown in Fig. 4 . It is observed that the density of SiH 3 is greater than that of H and SiH 2 in the plasma. As SiH 3 and SiH 2 are precursor particles for crystallization and deposition, the deposition rate increases. Reactions of atomic hydrogen with growing film surfaces create either a dangling bond or breaking Si-Si bond on the surface [23] . As a result, the density of atomic hydrogen is very important in µc-Si:H film growth. 
Conclusion
A self-consistent computational study is carried out to investigate the elementary reactions in H 2 diluted SiH 4 and Ar plasma discharge. The effects of VHF on the density of species (SiH 3 , SiH 2 , H, e) have been analyzed. The simulation results show that the densities of SiH 3 , SiH 2 and atomic H increase with the driving frequency in the range of 30 MHz to 150 MHz. The deposition rate of µc-Si:H film depends on the predicted SiH 3 concentration. It is also found that the density of electrons in the sheath has greater energy than those in the bulk plasma. At constant input power, an increase in frequency is found to change the electron density slightly. This is similar to the results of J. L. WALSH [10] . Existence of atomic hydrogen in the plasma increases the crystallization fraction of the deposited films.
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